Borrelia species are causative agents of several important diseases, including Lyme disease and relapsing fever (reviewed in references 2 and 10). Plasmid-encoded proteins are thought to be important in virulence and in adaptation as the Borrelia pass between mammals and arthropods (1, 3, 4, 8, 14, 16, 19, 21, 24, 26) . The plasmid-carried bdr gene family of the Borrelia is a large group of genes of unknown function (6, 17, 18, 23, 25, 27) . The Bdr proteins possess a large polymorphic repeat motif domain encoding putative Ser-Thr phosphorylation motifs and a potential transmembrane-spanning C-terminal domain. These features may indicate membrane anchoring and suggest a possible regulatory function. In this report, we have conducted an analysis of the bdr gene family of Borrelia turicatae to further characterize these proteins and to identify evolutionarily conserved domains.
B. turicatae OZ-1 (kindly provided by Alan Barbour) was cultivated in BSK-H medium (Sigma), supplemented to a 12% concentration with rabbit serum, at either 22, 32, or 37°C. The infectivity of B. turicatae OZ-1 was confirmed by the intradermal injection of ϳ500 spirochetes between the shoulder blades of 6-week-old, male, C3H/HeJ mice and subsequent dark-field microscopic analysis of blood smears. Spirochetes were recovered by the cultivation of spirochetemic blood in BSK-H medium. Subsurface plating was performed as previously described (22) . Only clonal populations were used in the following analyses. DNA was isolated from the spirochetes as previously described (12, 13) .
bdr alleles were recovered either from a B. turicatae OZ-1 Lambda Zap II genomic library or by PCR amplification with a variety of primers targeting either the bdr genes directly or their flanking sequences. The library was constructed, packaged, and propagated as described by the manufacturer (Stratagene) with XbaI-EcoRI-digested genomic DNA serving as the starting material. The GigapackIII Gold system was used for packaging. Plaque lifts were performed with Hybond-N membranes (Amersham) according to procedures described within the Lambda Zap II library manual. The lifts were probed with a 666-bp bdr-targeting PCR probe generated by amplification of the B. turicatae bdrA 1 gene (6). All probes and primers used in this study are described in Table 1 . Probe labeling was accomplished with the Hi-Prime labeling kit (Boehringer Mannheim) and ␣-32 P-dATP (3,000 Ci mmol Ϫ1 ; DuPont-NEN). The inserts carried by hybridization-positive plaques were excised from the recombinant phage with the ExAssist helper phage (Stratagene), and the resulting phagemids were prepared and amplified in Escherichia coli SOLR cells. Sequencing was performed with the Sequitherm Excel DNA sequencing kit (Epicentre Technologies). Additional bdr alleles were recovered by PCR with the bdrABF1-bdrA1R1 and the bdrABF1-BBG30hF2 primer sets. We previously demonstrated that the B. turicatae bdrA 1 allele is 3Ј flanked by an open reading frame (ORF) homologous to BBG30 of the Lyme disease spirochetes (6, 18) . Use of the BBG30hF2 primer allowed for the recovery of bdr alleles not amplified with the bdrA1R1 reverse primer. Both primer sets yielded several PCR amplicons (data not shown) consistent with the detection of multiple bdr alleles in B. turicatae by hybridization (6) . The amplicons were cloned into the pGEM-T Easy vector (Promega), and recombinants carrying the bdr hybridizationpositive inserts were sequenced. In total, nine bdr alleles encoding acidic polypeptides ranging in size from 16.9 to 30.2 kDa were identified (Fig. 1) . Analysis of the N-terminal domains, which could be unambiguously aligned, revealed that there are two Bdr subfamilies, BdrA (alleles bdrA 1 through bdrA 4 ) and BdrB (alleles bdrB 1 through bdrB 5 ). The nomenclature strategy used to name the bdr genes sequenced in this report has been previously described (7, 18) . While the B. turicatae Bdr sequences are significantly divergent from those of the Lyme disease spirochetes (5, 9, 17, 25, 27) , the repeat motif domain remains conserved (with the exception of a variable number of repeat elements). As with other Bdr protein sequences, the B. turicatae Bdr sequences possess a C-terminal variable domain that is predicted by TmPred analyses to be transmembrane spanning (scores ranged from 1,965 to 2,414; 500 is significant). Several of the bdr loci carry an oppositely oriented ORF on the opposing DNA strand (relative to the bdr genes) designated as the bdr (Ϫ) (previously referred to as the rep (Ϫ) [17] ). The B. turicatae bdrA 1 (Ϫ), bdrA 2 (Ϫ), bdrA 3 (Ϫ), and bdrA 4 (Ϫ) loci encode putative basic Bdr Ϫ proteins of 10.5, 16, 15.9, and 13.6 kDa, respectively (data not shown). While expression of at least some bdr (Ϫ) alleles has been reported in Borrelia burgdorferi (17) , the significance and biological role of the Bdr Ϫ proteins has not yet been addressed. Hybridization analyses of the B. turicatae bdr genes using The F and R designations included in the primer names indicate that the primers target either the positive or negative strand of DNA of the bdr locus and are therefore forward or reverse primers, respectively. The underlined sequences in the BA60 and BA61 primers indicate the positions of the introduced EcoRV restriction sites that were incorporated for cloning purposes. subfamily-specific probes were conducted to provide an indication of the minimum number of members of each bdr subfamily carried by B. turicatae (Fig. 2) . XbaI-digested genomic DNA was electrophoresed, blotted, and hybridized with end-labeled oligonucleotides as previously described (6) . The subfamily A probe (bdrAsfR1) hybridized with five bands (two strong and three weak), while the subfamily B probe (bdrBsfR1) hybridized with seven bands (five strong and two weak) indicating that there are 12 or more bdr alleles in B. turicatae OZ-1. B. burgdorferi B31 carries 18 bdr alleles (9) that are organized into three distinct subfamilies (18) .
The identity and conformation of the plasmids carrying the B. turicatae bdr genes were determined by two-dimensional contour-clamped homogenous electric field (CHEF)-pulsedfield gel electrophoresis (2D-CHEF-PFGE) and Southern blotting with subfamily-specific probes as previously described (11) . In this 2D-CHEF-PFGE electrophoresis system, the circular plasmids exhibit diffuse banding, migrating behind the axis of migration of the linear plasmids. The parameters for PFGE were as follows: run time, 19 h and 18 min; buffer, 0.5ϫ TBE (Tris-borate-EDTA [pH 8.0]); temperature, 14°C; ramping constant, Ϫ1.400; initial switch time, 0.47 s; final switch time, 4.48 s; angle, 120°; gradient, 6 V cm Ϫ1 . After electrophoresis in the first dimension, the gels were rotated 90°and electrophoresed for 3 h in 0.5ϫ TBE at 80 V (constant field). The fractionated DNA was blotted and hybridized with subfamily-specific probes. Probes specific for the bdrA and bdrB subfamilies hybridized exclusively with linear plasmids (Fig.  3) . Four linear plasmids of ϳ56, 50, 30, and 25 kb hybridized strongly with the bdrBsfR1 probe (plasmids of ϳ220 and 42 kb hybridized faintly). With the bdrAsfR1 probe, three linear plasmids of 56, 50, and 39 kb hybridized strongly (plasmids of 220 and 25 kb hybridized faintly). The detection of multiple hybridizing linear plasmids is consistent with the detection of multiple hybridizing restriction fragments in the analyses described above. The hybridization of both probes to plasmids of the same size (e.g., 220, 56, and 50 kb) may indicate that some plasmids carry both bdrA and bdrB subfamily members. Alternatively, there may be comigrating bdr-carrying plasmids. From these analyses, it can be concluded that in contrast to B. burgdorferi, which carries its bdrD and bdrE genes on circular plasmids and its bdrF genes on linear plasmids (reviewed in reference 18), the B. turicatae bdr genes are carried exclusively by linear plasmids.
To analyze the expression of the B. turicatae Bdr proteins, anti-Bdr antiserum was generated with a recombinant Bdr protein derived from Borrelia afzelii DK1. The bdrF 1 gene was amplified by PCR with the BA60 and BA61 primers, the amplicon was cut with EcoRV, ligated into pMST24 digested with SmaI (yielding a hexahistidyl-tagged fusion), cloned, expressed, and purified as previously described (23) . Anti-Bdr antiserum was generated in rabbits as previously described (23) . The goals of the immunological analyses were to determine if (i) there are differences in expression patterns in clonal populations, (ii) temperature influences expression, (iii) expression patterns change as a result of passage through mice, (iv) expression patterns change after 6 weeks of cultivation, and (v) molecular changes occur in the evolutionarily unstable repeat motif region during infection or after in vitro cultivation (as inferred from changes in the molecular weights [MW] of the expressed proteins). To accomplish these goals, immunoblot analyses were performed as previously described (18) . The set of expressed Bdr proteins (both in terms of the number of alleles expressed and their MW) was the same in all postinfection clonal populations (Fig. 4) . The expression patterns were the same as that seen in the preinfection parental strain, were not influenced by temperature (data not shown), and did not change as a result of 6 weeks of in vitro cultivation. The stability of the MW of the expressed Bdr proteins indicates that polymorphisms in the repeat motif domain did not arise under the conditions employed in this study. Lastly, to analyze the pI of the Bdr proteins, cell lysate from a clonal population was subjected to isoelectric focusing (IEF), two-dimensional electrophoresis according to the method of O'Farrell (15) (Kendrick Labs, Inc., Madison, Wis.), and immunoblotting. These analyses revealed that at least six different Bdr species were expressed (based on MW differences). Several of the expressed proteins exhibited pI's in the range predicted by their primary sequences; however, numerous isomorphs of each species were observed, indicating that there may be variable modifications of the Bdr proteins that alter the isoelectric point.
In conclusion, we have identified and characterized several linear plasmid-carried bdr genes that form two subfamilies in B. turicatae. The putative functional domains of these proteins, specifically the Ser-Thr phosphorylation motifs and transmembrane-spanning domains, were demonstrated to be conserved in their primary sequence and/or physical properties at the interspecies level, implying an important role in Bdr function and Borrelia biology. Expression analyses demonstrated that a subset of bdr alleles are expressed during in vitro cultivation and that overall expression patterns remained consistent among clonal populations and were not effected by passage through mice, in vitro cultivation, or changes in the temperature of cultivation. IEF and two-dimensional electrophoresis experimentally confirmed the predicted acidic pI for most Bdr proteins but also demonstrated that there are isomorphs of each species, which may indicate protein modifications. It has been postulated that the Bdr proteins may be anchored to the inner membrane via their C-terminal hydrophobic domain and undergo Ser-Thr phosphorylation within the repeat motif domain in response to changing environmental conditions (18) . Sequencing of the B. burgdorferi genome and subsequent analysis of putative active site motifs revealed the presence of ORFs encoding a putative Ser-Thr kinase designated BB0648 and a member of the PPM family of eucaryotic protein Ser-Thr phosphatases (BB0836) (9, 20) . Regarding the multiallelic nature of the bdr genes, Bdr variation and redundancy could provide functional or regulatory flexibility in the diverse environments that the Borrelia encounter in the course of cycling between mammals and arthropods. The demonstration of the conservation of specific putative Bdr functional domains and the existence of distinct subfamilies can now serve as a foundation for the design of experiments to test their putative functions.
Nucleotide sequence accession numbers. The B. turicatae bdr genes have been assigned the accession numbers AF128445 through AF128452, respectively.
